SUMMARY Fifteen of 194 patients (7.7%) with tetralogy of Fallot operated upon since January 1, 1972 under a protocol of routine primary repair despite young age died in-hospital. Most deaths were from low cardiac output. Young age and smallness of size increased the risk of operation. No deaths occurred among patients older than 4 years. High hematocrit was also a risk factor. Transannular patching has an independent effect in increasing risk. The post-repair ratio of peak pressure in the right ventricle to that in the left did not exert an independent effect. To project current risks of a two-stage approach, we determined that five of 158 patients (3.2%) died in-hospital after secondary intracardiac repair after a previous Blalock-Taussig or Waterston anastomosis between 1967-1978. Using these data and those we have published on the risk of shunting, we project that except in very small babies, the risks of hospital death of a two-stage approach are not less than those of primary repair done without a transannular patch, except when body surface area is less than about 0.35 m'. When a transannular patch is used in the primary repair, the two-stage approach is projected to be safer when the child has a body surface area of about 0.48 m' or smaller. SOME YEARS AGO evidence was presented to support the idea that the basic hospital mortality after intracradiac repair of tetralogy of Fallot is almost zero. However, certain variables (incremental risk factors) were shown in the early years to be associated with increased risk of the operation.' 3 These included young age, severe cyanosis, and the use of a transannular patch. Complete atrioventricular block and incomplete repair of the ventricular septal defect were incremental risk factors,' but have been essentially obviated by the improved surgical techniques introduced about 1959.4
SOME YEARS AGO evidence was presented to support the idea that the basic hospital mortality after intracradiac repair of tetralogy of Fallot is almost zero. However, certain variables (incremental risk factors) were shown in the early years to be associated with increased risk of the operation.' 3 These included young age, severe cyanosis, and the use of a transannular patch. Complete atrioventricular block and incomplete repair of the ventricular septal defect were incremental risk factors,' but have been essentially obviated by the improved surgical techniques introduced about 1959. 4 This effect of young age persuaded most centers to use a two-stage approach for patients with tetralogy of Fallot who need operation in the first few years of life, consisting of an initial shunting operation and later intracardiac repair. Barratt-Boyes and colleagues began to do routine primary repair even in very young symptomatic infants in 1970, and in 1973 reported that the results from this policy were better than those of twostage repair.5 Recently, Castaneda also reported excellent results from this policy.8 The optimal method of managing symptomatic patients in the young age group with tetralogy of Fallot is, however, controversial. 9-" We are reporting the results of a protocol, begun in 1972, of routine primary repair even in the very young. In the analysis, we have particularly looked for incremental risk factors. For comparison, we have projected the current risks of the two-stage approach by combining the risks of secondary repair after a previous shunting operation, determined from our experience in [1967] [1968] [1969] [1970] [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] , and those currently pertaining to the initial shunting procedure, obtained from our data on the risks of the shunting procedures. '2 In this evaluation, we have focused on early results because present information indicates that the late results from primary and two-stage repair in comparable subgroups are similar.
Materials and Methods
Between January 1967 and January 1978, 617 patients with tetralogy of Fallot underwent intracardiac repair at the University of Alabama Medical Center (table 1) . For this study, we have analyzed in detail the 492 patients with classic tetralogy of Fallot, which is defined by exclusion in table 1 . If the pulmonary stenosis was so severe as to result in a pinpoint opening that was not functionally important, the malformation was still called classic tetralogy of Fallot rather than tetralogy of Fallot with pulmonary atresia. If the aorta arose 90% or more from the right ventricle, we considered the malformation to be double outlet right ventricle with pulmonary stenosis rather than tetralogy of Fallot. Twenty-three patients had unusual major associated defects that indicate, in our opinion, that patient management must be on an ad hoc rather than a protocol basis (table 2) . These patients are excluded from further analysis, leaving 469 patients. At least 80 patients had other associated anomalies that did not exclude them from the study group (table 3) .
Two hundred sixty-five of the 469 patients underwent primary intracardiac repair. One hundred ninety-five of these patients had their operations in the period beginning January 1, 1972 , the date on which we began the prospective protocol of routine primary intracardiac repair in infants and small children, and 
11-26%
Total 80 8 10 7-15% *This is a minimum number, and we believe these were also present in many additional patients in whom their presence was not specified. Some of the 80 patients had more than one condition; therefore, the individual breakdown will add up to more than the total.
Abbreviations: LAD = left anterior descending coronary artery; RPA = right pulmonary artery; LPA = left pulmonary artery; PAPVC = partial anomalous pulmonary venous connection; PASVC = partial anomalous systemic venous connection; TI = tricuspid incompetence; TV = tricuspid valve; RV = right ventricle; AP = aortopulmonary; CL = confidence limits; UAB = University of Alabama, Birmingham. cent severe hemiplegia (who received a BlalockTaussig shunt) failed to undergo primary repair. No patients were considered so ill or had such a severe malformation that operation was not advised. Between 1967 Between -1978 of the 469 patients un- The significance of the relationship of hospital mortality to categorical (yes-no) risk factors was analyzed using the chi-square test unless the numerator of any proportion had fewer than three events, in which case Fisher's exact test was used. The relationship of mortality to continuous variables (age, body surface area, post-repair ratio of peak pressure in the right ventricle to that in the left (PRV/LV), preoperative hematocrit, and date of operation) was explored using the parametric method of logistic regression.22 The logistic model is:
where exp is the base of the natural logarithms, and Z is the logit23 expressed as a multivariate regression equation. The equations incorporate both continuous and categorical variables (such as presence of a transannular patch) and their interaction terms. Parameters of the model were estimated by the method of maximum likelihood, using the data from individual patients in an iteratively reweighted, nonlinear regression scheme. 24 25 Standard deviations of these estimates were rescaled by setting the residual deviance to 1. Models containing multiple risk factors were determined both by an all possible regression scheme -the "best" model being that with the largest explained deviance (also called the log likelihood) and by stepwise, backward elimination, eliminating sequentially the variable at each separate interaction level having the least significant p value > 0.2. In the latter analysis, full and reduced models were compared at each step by taking the difference in deviance and applying the chi-square test with one degree of freedom. An overall chi-square goodness of fit test was used to evaluate the models quantitatively, and all p values were greater than 0.2 for lack of fit.* A qualitative tabular analysis by deciles was also made. The logit of grouped data for each continuous variable was examined to determine the appropriate data transformation needed for the analyses.
The projected hospital mortality of two-stage repair is the current hospital mortality for the initial shunting procedure12 combined with that from secondary repair (obtained from this study) by the equation:
(1 -Phd secondary repair)
where Phd is the probability of hospital death. The difference in probability of hospital death between primary and two-stage repair was tested after arcsinesquare root transformation of each probability.
In comparing primary and two-stage repair, *An exception is noted in the footnote on page 380. Parametric analysis again shows a highly significant relation (p = 0.0004) between the probability of hospital death and age at operation; the probability of death increases exponentially as age approaches the neonatal period ( fig. 1) .
Smallness of size increased the risk of operation. The body surface area of the survivors was 0.75 ± 0.033 m2, significantly larger (p < 0.0001) than that of the nonsurvivors (0.41 ± 0.029 m2). Parametric analysis confirmed the incremental risk effect of small size (p = 0.0002) and showed the risk to rise steeply when body surface area was less than about 0.4 m2 ( fig. 2) 18-52%7c high hematocrit lessens the effect of body surface area on mortality; that is, the hematocrit modifies the body surface area effect (p = 0.07 for the interaction). Transannular patching is an independent incremental risk factor in this experience. Four deaths (3.4%; CL 1.7-6.1%) occurred among the 117 patients in whom no transannular patch was used, compared with 10 deaths (14%; CL 9-19%) among the 74 patients who had transannular patches (p for difference = 0.01). Three patients received valved or unvalved external conduits and are excluded from this portion of the analysis. Among the patients who lived, 36% received transannular patches, compared with 71% of those who died (p = 0.01 for the difference). Multivariate analysis indicated that the transannular patch possibly has an effect (p = 0.12) independent of age and (p = 0.13) body surface area. By parametric Moderately elevated post-repair PRV/LV probably was not an incremental risk factor. However, only nine patients had PRV/LV > 0.85, and only two had PRV/LV > 1.0 (table 7) . Post-repair PRV/LV was surviving patients and 88 ± 7.6 minutes in nonsurviving patients (p = 0.1). There were no significant differences in the aortic cross-clamp time of those who lived (42.2 ± 0.90 minutes) compared with that of those who died (43 ± 3.6 minutes) when cold ischemic arrest was used, either when analyzed alone or in a multivariate analysis using age, body surface area, hematocrit, and the presence or absence of a transannular patch. The incidence of the use of cold cardioplegia was not significantly different in those who lived vs those who died.
Some interrelations between variables and events are interesting. Transannular patching did not insure a low PRV/LV, as patients with high post-repair PRV/LV are more frequently in the group receiving transannular patching. Also, the mean value of PRV/LV for those not receiving transannular patching was 0.434 ± 0.0147, lower than that of 0.51 ± 0.023 among those who did. Post-repair PRV/LV tended to be higher in the younger patients (r = -0.26, p = 0.0003) and in those with smaller body surface .9 FIGURE 4. Probability of hospital death after primary repair as a simultaneous func- Three of 124 patients (2.4%, CL 1.1-4.8%) undergoing intracardiac repair after a single Blalock-Taussig anastomosis between 1967-1978 died in the hospital, a mortality not significantly different (p = 0.9) from that of two of 34 patients (6%, CL 2-13%) who had previously undergone a single Waterston anastomosis. Therefore, for purposes of analysis, these two groups were combined. Four of the patients died of low cardiac output, and one died of intractable pulmonary dysfunction. Atrioventricular block did not occur in either group.
Multivariate analysis showed age and body surface *Only five patients were younger than 2 years old at intracardiac repair.
Abbreviations: UAB = University of Alabama, Birmingham; PRV/LV = ratio of peak pressure in the right ventricle to that in the left. area possibly to be inversely related to the risk of operation (table 9) . It showed hematocrit at the time of intracardiac repair to be related to the risk of the operation, and three of the five deaths were in patients with hematocrits >60% at the time of operation. The type of shunt, date of operation (showing that the results have been stable over the study period), presence or absence of transannular patching, and post-repair PRV/LV were not related to mortality in this group of patients. The use of transannular patching increased in the latter part of this experience, as well as in the patients undergoing primary repair.
Multivariate analysis of the combination of the 194 patients who underwent primary repair in 1972-1978 and this group of 158 patients who had previously undergone an anastomotic operation showed that the presence of a shunt had no effect on hospital mortality when the effect of age (p for shunt = 0.6) or body surface area (p for shunt = 0.5) are accounted for.
Comparison of Primary and Two-stage Repair
The projected risk of two-stage repair (see Methods) at age 3-5 years is about 5% (CL 3-7%) ( fig.   5 ). It rises above that when the age at the initial operation (the shunt) is less than 3 months, and when shunting must be done at 1 month of age, the combined risk is 9% (CL 6-12%). No late deaths before age 3 years occurred after the shunting procedures.'2 Six (4%, CL 2-7%, of the hospital survivors of shunting) patients required a second palliative operation before 3 years of age.
For simplicity, we first compared two-stage and primary repair considering only age at initial operation, and whether or not a transannular patch was used at primary repair. With this method, even at the youngest age, the two-stage repair is not safer (see Materials and Methods for definition of "safer") than primary repair without transannular patching (figs. 6A and 6B). When transannular patching is needed in the primary repair, two-stage repair is safer in infants (UAB 1967 (UAB -1978 FIGURE 5. Projected probability of hospital death from two-stage repair of tetralogy of Fallot (initial Blalock-Taussig or Waterston anastomosis and intracardiac repair about 3 years later). This is based upon the combined mortality of the initial shunting procedure, described in detail previously,"2 and the mortality ofsecondary repair (five deaths among 158 patients, mortality 3.2%, confidence limits 1.8-5.3%) from our 1967-1978 experience at the
The presentation is as in figure 1 . [1967] [1968] [1969] [1970] [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] , and the entire period is therefore included in this part of the study.
We used visual examination of tabular data, scattergrams, analysis of mean values, single and multivariant regression analysis, and probability of event analysis to learn as much as we could from this experience and to present it in usable form.
Primary Intracardiac Repair
In this experience, young age increased the risk of operation, with the effect being strongest as age approached that of the neonatal period. The incremental risk for the effect of age was not evident after about 4 years of age, and no deaths occurred in patients older than 4 years of age at operation. Similarly, smallness of size, expressed as either body surface area or weight, increased the risk of operation, and when this effect was accounted for, young age added no further risk.
The incremental risk effect of young age and small size in primary repair of the tetralogy of Fallot may be unique to our experience. However, data from Barratt-Boyes' recent presentation concerning tetralogy of Fallot suggest a similar effect in his experience. 28 The results of Castaneda et al.8 in young infants, as a whole, are superior to ours (table 10). The mortality of two deaths among 39 patients in their study is lower (p = 0.07) than ours of eight in 44 patients operated in the first year of life. The reasons for this difference should be studied further. However, any possible incremental risk effect of young age and small size in his experience is difficult to assess, because no data from his patients over the age of 1 year are available for trend analysis and the numbers of patients in the various young age groups are small.
If this incremental risk effect of young age and small size is a real one and not limited to our experience, its causes require investigation. We do not believe it is explained by interference with the technical aspects of the operation, for smallness does not prevent accurate intracradiac repair. Since the mechanism of death is low cardiac output in most patients and since high preoperative hematocrit (which is usually associated with severe cyanosis) in- Simplified comparison of the hospital mortality ofprimary repair (from data used in figure 3A) and that of the two-stage repair (from data used in figure 5 ), using only age at operation and transannular patch (yes-no) at primary repair. A) Probability of hospital death. figure 6B, the electrocardiographic appearance of LVH with angiographically or echocardiographically determined LV end-diastolic volume (LVEDV) or diameter,7"-posterior wall thickness,7'-4 or interventricular septal thickness,0 13, 14 with various degrees of success. While some authors have argued that a dilated ventricle would augment radially directed potentials"5 and thereby increase the voltage inscribed at the body surface, others have suggested that cardiac dilatation might obscure the increased QRS voltage in LVH. '6 The present study was undertaken to elucidate further the relations of ventricular geometry, wall thickness and mass necessary to produce LVH on the standard ECG. Because of the difficulties inherent in a postmortem study,'17 18 we analyzed LV cineangiograms in patients both with and without LVH on the ECG.
Methods
The patient population was derived from all patients undergoing cardiac catheterization at the Peter Bent Brigham Hospital who were found to have aortic stenosis, aortic regurgitation, combined aortic stenosis and regurgitation, mitral regurgitation, cardiomyopathy, or hypertensive heart disease. Aortic stenosis was considered to be present when there was at least a 20 mm Hg mean systolic gradient across the valve. For the study population, the aortic valve areas ranged between 0.5-1.2 cm'. In addition, there was a control group of patients who had no identifiable
